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Introduction 


The  transforming  growth  facto r-p  (TGF|3)  signaling  pathway  influences  a 
diverse  range  of  biological  functions  including  cell  growth  arrest,  differentiation, 
apoptosis,  migration,  and  epithelial-to-mesenchymal  transition  (EMT)  (1-4). 

Thus,  mutations  in  the  TGF|3  pathway  results  in  a  myriad  of  human  diseases 
such  as  prostrate  and  breast  cancer  (5).  TGF|3  plays  a  complicated  role  cancer 
as  it  has  both  tumor  suppressing  and  tumor  promoting  activities.  The  potent 
ability  of  TGF[3  to  initiate  cell  cycle  arrest  enables  it  function  as  a  tumor 
suppressor  in  the  early  stages  of  tumorigenesis  (5).  However,  in  later  stages  of 
tumorigenesis  TGF|3  has  been  soon  to  initiate  EMT  and  therefore  increase  the 
invasiveness  and  metastatic  potential  of  the  tumor,  thus  promoting  tumorigenesis 
(6-7).  Therefore,  increasing  our  understanding  of  how  the  TGF|3  signaling 
pathway  is  regulated  will  provide  essential  knowledge  on  how  cancers  arise  and 
progress. 

TGF|3  signaling  is  initiated  when  TGF|3  ligand  bind  to  and  activate  the 
TGF|3  receptor  complex  (8-9).  The  activated  serine/threonine  receptor  complex 
then  phosphorylates  the  c-terminal  of  Smad2  and  Smad3,  resulting  in  their 
oligomerization  with  the  common  mediator  Smad4  (1 0-1 1 ).  This 
Smad2/Smad3/Smad4  complex  can  then  translocate  to  the  nucleus  where  it 
recruits  coactivators  like  p300/CBP  to  initiate  transcription  of  TGF[3  target  genes 
(12-14). 

The  coactivators  p300  and  CBP  function  as  scaffolding  and  bridging 
proteins  as  well  as  having  intrinsic  histone  acetyltransferases  abilities  (15-17) 
p300/CBP  directly  interacts  with  the  c-termini  of  Smadl ,  2,  3,  and  4  in  a  ligand 
dependent  manner  to  increase  the  transcriptional  activity  of  the  Smad  complex 
(1 3,  1 4,  1 8,  1 9).  This  interaction  was  originally  thought  to  increase  transcription 
by  recruiting  p300/CBP  to  the  chromatin  to  modify  it  into  its  acetylated  “open” 
conformation  (20).  However,  p300/CBP  has  also  demonstrated  an  ability  to 
acetylate  non-histone  proteins  such  as  p53  and  Smad7  and  alter  a  protein’s 
stability,  binding  ability,  and  localization  (21-24. 

This  proposal  seeks  to  elucidate  the  role  Smad  acetylation  plays  in 
regulating  the  TGF|3  signaling  pathway.  Understanding  the  role  of  this 
modification  in  the  TGF|3  signaling  pathway  will  suggest  another  possible 
mechanism  that  is  likely  to  be  perturbed  in  breast  cancer,  thus  possibly  leading  to 
new  ideas  for  the  treatment  or  early  detection  of  breast  cancer. 


Body 


The  TGF(3  signaling  pathway  is  initiated  when  TGF(3  ligands  bind  to  the 
constitutively  active  TGF[3  type  II  serine/threonine  receptor  at  the  plasma 
membrane.  This  interaction  results  in  the  recruitment  of  the  type  I  receptor  that 
is  then  phosphorylated  by  the  type  II  receptor,  initiating  a  conformation  change 
that  activates  the  kinase  domain  of  the  type  I  receptor.  The  activated  receptor 
complex  can  then  recruit  and  phosphorylate  the  cytoplasmic  proteins  Smad2  and 
Smad3,  enabling  oligomerization  with  Smad4  and  translocation  of  the  entire 
Smad  complex  into  the  nucleus.  Once  in  the  nucleus,  the  activated  Smad 
complex  then  recruits  coactivators  like  the  acetyltransferases  p300/CBP  and 
initiates  transcription  of  TGF|3  target  genes. 

Research  performed  prior  to  DOD  funding  determined  that  Smad2  but  not 
Smad3  is  efficiently  acetylated  in  a  p300  depend  manner  both  in  in  vivo  and  in 
vitro  models.  This  result  is  of  particular  interest  because  Smad2  and  Smad3 
have  93%  sequence  identity.  Both  proteins  contain  a  conserved  MH1  domain  at 
the  N-terminus  linked  to  a  conserved  C-terminal  MFI2  domain  by  an  unconserved 
proline-rich  linker  and  both  proteins  are  phosphorylated  on  a  SSXS  motif  on  the 
C-terminal  tail  of  the  protein.  However,  Smad2  contain  two  unique  sequence 
inserts  in  the  MH1  domain  not  found  in  Smad3  named  the  GAG  and  TID  (also 
known  as  exon  3)  region  (25).  These  inserts  provide  steric  interference  that  is 
responsible  for  the  inability  of  Smad2  to  directly  bind  DNA.  Preliminary  data  also 
demonstrated  that  Smad2  acetylation  was  independent  of  Smad2 
phosphorylation  as  Smad2  mutants  where  the  SSXS  motif  has  been  mutated  to 
AAXA  were  acetylated  to  the  same  extent  as  wild-type  Smad2  in  the  presence  of 
full-length  p300. 

In  the  approved  statement  of  work,  task  one  describes  our  plan  to  map  the 
residues  acetylated  in  Smad2.  As  stated  in  the  annual  report  filed  in  2005,  we 
had  originally  planned  on  using  Smad2  truncations  to  narrow  down  where  the 
acetylation  sites  resided.  However,  the  Smad2  truncations  proved  to  be  very 
unstable  and  therefore  we  were  forced  to  modify  our  approach  by  using  flag- 
tagged  Smad1/Smad2  chimeras  made  by  a  previous  graduate  student  identify 
the  domain.  Additional  Smad1/Smad2  chimeras  were  cloned  to  further  narrow 
down  the  acetylation  site  which  was  determined  to  reside  upstream  of  the  TID 
domain.  Different  combinations  of  lysines  in  the  acetylation  region  were  mutated 
to  arginine  and  lysines  19  and  20  were  found  to  be  critical  residues.  To  confirm 
lysine  and  19  and  20  were  the  only  residues  necessary,  mass  spectrometry 
experiments  were  performed  in  2006  and  an  additional  lysine,  Iysine39,  was 
found  to  also  be  modified.  Thus,  a  non-acetylated  mutant  where  lysines  19,  20, 
and  39  have  been  mutated  to  arginine  (3K19R)  and  an  acetylation  mimicking 
mutant  where  lysines  19,20,  and  39  were  mutated  to  glutamine  were  cloned  and 
used  for  biochemical  studies. 

We  were  also  interested  in  learning  what  were  the  requirements 
necessary  to  see  Smad2  acetylation.  As  stated  in  the  original  proposal,  Smad2 
acetylation  appeared  to  occur  even  in  a  Smad2  mutant  protein  that  could  not  be 
acetylated.  Similarly,  as  stated  in  the  2005  annual  report,  the  Smad2  3K19R 


mutant  was  still  efficiently  phosphorylated  demonstrating  that  phosphorylation 
and  acetylation  are  mutually  exclusive  in  an  overexpression  in  vivo  setting. 
Similarly,  as  reported  in  the  2005  annual  report  deletion  studies  proved  the 
necessity  of  the  GAG  region  for  acetylation  to  occur  as  Smad2  mutants  with  the 
GAG  region  deleted  lost  all  ability  to  be  acetylated.  Similarly,  as  reported  in  the 
2006  annual  report  inserted  a  GAG  region  into  Smad3  enabled  the  protein  to  be 
acetylated.  Acetylation  was  also  found  to  be  a  dynamic  process  as  treatment 
with  trichostatin  A  (TSA),  a  deacetylase  inhibitor,  increased  the  population  of 
acetylated  Smad2.  Studies  in  2007  found  that  acetylation  of  endogenous  Smad2 
requires  stimulation  with  TGF|3  and  cellular  fractionation  studies  were  performed 
to  determine  where  acetylated  Smad2  protein  exists.  Purified  cytoplasmic  and 
nuclear  fractions  were  western  blotted  for  acetylated  Smad2  protein  and  the 
modified  protein  was  found  to  primarily  exist  in  the  nucleus  upon  treatment  with 
TGF|3. 

Task  2  described  in  the  original  proposal  focused  on  characterizing  the 
cellular  consequences  of  Smad2  acetylation.  We  were  interested  in  generated 
stable  cell  lines  overexpressing  the  Smad2  3K19R  mutant  in  Hep3B  cells  to  how 
TGF|3  responsive  the  cells  would  be.  However,  overexpressing  the  mutant 
Smad2  did  not  have  any  effect  on  the  Hep3B  cells.  We  hypothesized  this  lack  in 
effect  could  occur  because  the  endogenous  Smad2  was  masking  any  phenotype 
we  would  expect  with  the  Smad2  3K19R  mutants.  Thus,  we  also  attempted  to 
Smad2  siRNA  to  knock-out  Smad2  in  Hep3B  cells  with  the  intention  of  adding 
back  a  Smad2  with  a  silent  mutation  in  the  siRNA  complementary  region. 
Unfortunately,  the  siRNA  used  did  not  significantly  reduce  the  amount  of  Smad2 
expressed  in  the  Hep3B  cells.  Fortunately,  Dr.  Anita  Robert’s  lab  had  previously 
generated  Smad2-deficient  mouse  embryo  fibroblasts  that  generously  shared 
with  us.  Using  this  cells,  we  were  able  to  generate  a  stable  cell  line  expressing 
either  wild  type  flag-tagged  Smad2  or  the  flag-tagged  Smad2  3K1 9R  mutant. 
When  treated  with  TGF|3,  reintroducing  wt  Smad2  to  the  KO  MEF  cells  rescued 
the  cell’s  ability  to  undergo  cell  cycle  arrest  while  reintroducing  the  Smad2 
3K19R  mutant  protein  did  not.  Thus,  Smad2  acetylation  is  required  for  the  tumor 
suppressor  activity  of  the  TGF|3  signaling  pathway. 

Using  the  Smad2-deficient  MEF  cells  obtained  from  the  Roberts  lab,  we 
also  tested  the  transcriptional  activity  of  the  wild  type  Smad2  and  the  Smad2 
lysine  to  arginine/glutamine  mutants.  In  both  the  case  of  activin  and  TGF|3 
signaling,  adding  back  the  wild  type  Smad2  and  the  Smad2  3K19Q  mutant 
restored  TGF|3-  and  activin-dependent  transcription  measured  using  luciferase 
reporter  constructs.  The  lysine  to  arginine  mutants  were  not  able  to  restore  the 
transcriptional  activity  measured  supporting  the  observed  lack  of  TGF|3  induced 
cell  cycle  arrest  in  the  stable  cell  lines. 

What  is  the  mechanism  for  this  sudden  loss  in  TGF|3  responsiveness? 
Possible  candidates  included  a  change  in  protein  stability,  protein-protein 
interactions,  protein-DNA  binding,  and  protein  subcellular  localization.  Using  the 
Smad2  3K19R  mutant  we  first  used  pulse  chase  experiments  to  determine 
whether  acetylation  could  account  for  the  high  stability  of  the  protein.  After 
chasing  the  S35-radio-labelled  protein  for  0,  1, 4,  8,  and  12  hours  no  discernable 


difference  could  be  detected  between  wild  type  Smad2  and  the  Smad2  3K19R 
mutant.  Similarly  co-immunoprecipitation  experiments  between  flagged  tagged 
Smad2  and  the  Smad2  3K19R  mutant  with  myc  tagged  Smad4  demonstrated 
that  both  proteins  were  equally  able  to  bind  to  Smad4.  Gel  shift  assays  also  did 
not  indicate  a  difference  between  the  wild  type  and  mutant  protein  when  it  came 
to  DNA  binding  ability.  Therefore,  we  turned  our  attention  to  the  subcellular 
localization  of  wild  type  and  the  Smad2  mutant. 

Using  direct  Immunofluorescence  and  confocal  microscopy  we  were  able 
to  follow  where  wild  type,  Smad2  3K1 9R,  and  Smad3  3K1 9Q  proteins  localize 
upon  stimulation  with  TGF|3.  Studies  have  shown  that  in  unstimulated  cells 
Smad2  continually  shuttles  between  the  nucleus  and  the  cytoplasm  (26-28).  The 
nuclear  retention  observed  upon  treatment  with  TGF|3  is  a  direct  consequence  a 
decrease  in  the  nuclear  export  rate  (28).  In  multiple  cell  lines,  treating  cells 
transfected  with  wild  type  and  the  3K19Q  protein  resulted  in  a  strong  nuclear 
accumulation  not  observed  with  the  non-acetylated  3K19R  mutant.  To  determine 
whether  this  lack  of  accumulation  was  due  to  a  decrease  in  the  export  of  the 
protein,  cells  transfected  with  wild  type,  3K19R,  and  3K19Q  protein  were  treated 
with  TGF|3  and  then  treated  with  aTGFp  inhibitor  SB-431542.  In  the  case  of  the 
wild  type  protein,  the  protein  accumulated  in  the  nucleus  prior  to  SB-431542 
treatment  and  then  quickly  returned  to  the  cytoplasm  after  treatment  with  the 
inhibitor.  The  3K19R  mutant  never  accumulated  in  the  nucleus  even  upon  TGF|3 
treatment  as  expected  and  therefore  remained  both  nuclear  and  cytoplasmic 
during  all  time  points  taken.  The  3K1 9Q  mutant  readily  accumulated  in  the 
nucleus  but  did  not  redistribute  to  the  cytoplasm  as  readily  as  the  wild  type 
protein  after  treatment  with  SB-431542.  Therefore,  acetylation  of  Smad2 
contributes  to  the  nuclear  accumulation  of  Smad2  upon  TGF|3  stimulation  by 
enhancing  the  nuclear  retention  of  the  protein. 

The  research  described  above  provides  insight  into  how  acetylation  of 
Smad2  can  contribute  to  the  suppression  of  tumorigenesis  by  enhancing  the  cell 
cycle  arrest  response  in  cell  through  the  increased  presence  of  the  protein  in  the 
nucleus.  Thus,  acetylation  is  a  vital  modification  necessary  for  the  tumor 
suppressor  abilities  of  the  TGFp  signaling  pathway.  Continued  research  should 
examine  whether  acetylation  of  Smad2  also  plays  as  crucial  role  in  the 
tumorigenesis  promoting  capabilities  of  the  protein  to  determine  whether 
targeting  the  acetylation  of  Smad2  would  be  a  feasible  method  of  breast  cancer 
treatment. 


Key  Research  Accomplishments 

•  Identified  residues  modified  through  a  combination  of  mutational  analysis  and 
mass  spectrometry. 

•  Cloned  non-acetylated  and  acetylation  mimicking  Smad2  mutants  and  made 
stable  cell  lines  in  Smad2-deficient  MEF  cells 

•  Worked  out  conditions  to  test  characterize  the  effect  of  Smad2  acetylation  on 
the  TGF|3  signaling  pathway. 


Reportable  Outcomes  -  See  Appendix 

•  Paper  published 

o  Tu  AW,  Luo  K.  (2007)  “Acetylation  of  Smad2  by  the  co-activator 
p300  regulates  activin  and  transforming  growth  factor  beta 
response.”  J  Biol  Chem.  282:21 1 87-96. 

•  Data  presented  at  the  DOD  Era  of  Hope  2004  conference  in  Philadelphia 
-June  2004 


Conclusions 

•  Smad2  acetylation  occurs  on  lysines  19,  20,  and  39 

•  Smad2  acetylation  requires  the  presence  of  the  GAG  domain. 

•  Endogenous  Smad2  acetylation  requires  TGF|3  stimulation. 

•  The  Smad2  protein  does  not  need  to  be  phosphorylated  to  be  acetylated 

•  Smad2  acetylation  occurs  in  the  nucleus. 

•  Smad2  acetylation  is  necessary  for  TGF|3-  and  activin-induced 
transcription. 

•  Smad2  acetylation  is  required  for  TGF|3  induced  cell  cycle  arrest 
response. 

•  Smad2  acetylation  does  no  alter  Smad2  phosphorylation,  binding  to 
Smad4,  and  DNA  binding  ability. 

•  Smad2  acetylation  alters  the  subcellular  localization  of  Smad2  upon  TGF|3 
stimulation  by  decreasing  the  nuclear  retention  of  the  protein. 
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Cells  have  developed  complex  mechanisms  to  prevent  inappropriate  cell  division  from 
occurring.  These  precautions  are  important  for  the  prevention  of  tumor  growth  and  loss 
of  these  mechanisms  can  lead  to  tumor  progression.  One  pathway  used  to  control  cell 
growth  is  the  transforming  growth  factor-|’>  (TGF-|3)  pathway.  Initiation  of  the  TGF-|3 
signaling  pathway  results  in  a  wide  range  of  biological  functions  including  cell  growth 
arrest.  Loss  of  regulation  of  the  TGF-|3  signaling  pathways  has  been  observed  in  breast 
cancer  and  50%  of  all  pancreatic  cancer.  Therefore,  understanding  how  TGF-|3  is 
regulated  is  essential  in  our  understanding  of  how  cancer  arises  and  progresses. 

The  TGF-()  signaling  pathway  is  mediated  primarily  through  the  intracellular  Smad 
proteins.  Many  cancer  cells  have  displayed  either  decreased  levels  or  mutations  in  the 
Smad  proteins,  indicating  an  important  role  in  the  prevention  of  cancer  progression. 
Smad  proteins  are  regulated  at  several  stages  of  TGF-|3  signaling  through  protein 
modifications  such  as  phosphorylation  and  interactions  with  other  proteins. 

Recently,  the  receptor  regulated  Smad2 
was  identified  as  an  acetylated  protein 
through  in  vitro  acetylation  assays. 

Acetylation,  a  relatively  new  post¬ 
translations  modification,  has  been  shown 
to  affect  protein  stability,  localization,  and 
DNA  and  protein  binding  ability.  The 
acetylation  of  Smad2  was  further 
confirmed  by  co-transfecting  different 
Smad  proteins  in  the  presence  of  p300  into 
cells  and  performing  a  Western  Blot  using 
an  antibody  specific  to  acetylated  lysines 
(Fig  1).  Interestingly,  Smad3,  another 
receptor  regulated  Smad  with  92% 
sequence  identity  to  Smad2,  cannot  be 
acetylated. 


A  series  of  Smadl/Smad2  chimeras 
indicated  that  acetylation  of  Smad2  occurs 
in  the  MH1  domain  of  Smad2.  Swapping 
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Figl:  Fl-Smad  proteins  transfected  into  293T  cells.  Cells 
were  lysed  and  FLAG  proteins  immunoprecipitated. 

The  product  was  run  on  SDS-PAGE  gel  and 
subjected  to  Western  blots  with  the  indicated  antibodies 

the  MH1  domain  of  Smad2  and  Smad3  confirms  that  acetylation  occurs  in  the  MH1 
domain.  Point  mutations  of  lysines  in  the  MH1  domain  identified  lysines  19  and  20  as 
residues  required  for  Smad2  acetylation  (Fig.  2).  Performing  mass  spec  on  acetylated 
Smad2  will  test  whether  lysines  19/20  are  the  actual  sites  of  acetylation  or  if  they  are 
merely  regulatory. 


Functional  tests  to 
determine  the 
consequences  of  Smad2 
acetylation  will  be 
conclusively  performed. 
Preliminary  results 
suggest  that  a  loss  of 
Smad2  acetylation  does 
not  play  a  role  in  the 
protein’s  stability  nor 
does  it  alter  its 
phosphorylation  state. 
Other  potential  factors 
affected  by  acetylation 
to  be  checked  include 
protein-protein 
interactions,  protein- 
DNA  interactions,  and 
localization  of  the 
protein.  Ascertaining 
the  role  of  Smad2 
acetylation  in  the  TGF- 
(3  pathway  gives  us 
further  insight  as  to 
how  abrogations  in  the 
TGF-()  pathway  can  lead  to  initiation  and  progression  of  breast  cancer.  It  may  also  lend 
insight  into  how  other  pathways  implicated  in  breast  cancer  are  regulated.  All  this 
information  only  increases  our  knowledge  of  breast  cancer  and  will  ultimately  lead  to 
better  forms  of  prevention,  detection,  and  treatment  of  this  disease. 
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Fig2:  Acetylation  of  Smad2  pt.  mutants 

A.  293T  cells  were  cotransfected  with  Smad2  point  mutants  +/-  p300.  Cells 
were  lysed  and  Flag  protein  was  immunoprecipitated.  The  protein  was 
then  subjected  to  Western  Blot  with  the  indicated  antibodies. 

B.  Schematic  showing  which  lysines  were  mutated  to  arginines. 
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Transforming  growth  factor  /3  (TGF/3)  signals  primarily 
through  the  Smad  proteins  to  regulate  cell  growth,  differentia¬ 
tion,  and  extracellular  matrix  production.  Post-translational 
modifications,  such  as  phosphorylation,  play  an  important  role 
in  the  regulation  of  the  Smad  proteins.  TGF/3  signaling  results  in 
the  phosphorylation  of  Smad2  and  Smad3  that  then  oligomerize 
with  Smad4  and  translocate  into  the  nucleus  to  initiate  tran¬ 
scription  of  TGF/3  target  genes.  The  initiation  of  transcription  is 
significantly  enhanced  by  the  direct  interaction  of  the  Smad 
complex  with  p300/CBP  (CREB-binding  protein),  a  co-activator 
with  intrinsic  acetyltransferase  activity.  Flowever,  how  p300/ 
CBP  enhances  transcription  through  this  interaction  is  not 
entirely  understood.  In  this  report,  we  show  that  Smad2,  but  not 
the  highly  homologous  Smad3,  can  be  acetylated  by  p300/CBP 
in  a  ligand-dependent  manner.  At  least  three  lysine  residues, 
Lys19,  Lys20,  and  Lys39,  are  required  for  efficient  acetylation  of 
Smad2,  as  mutations  altering  these  lysines  abolished  Smad2 
acetylation  in  vivo.  This  acetylation  event  is  required  for  the 
ability  of  Smad2  to  mediate  activin  and  TGF/3  signaling.  Muta¬ 
tion  of  the  three  key  lysine  residues  did  not  alter  the  stability  of 
Smad2  or  the  ability  of  Smad2  to  form  a  complex  with  Smad4  on 
promoter  DNA,  but  it  prevented  nuclear  accumulation  of 
Smad2  and  subsequent  TGF/3  and  activin  responses.  Thus,  our 
studies  reveal  a  novel  mechanism  of  modulating  Smad2  activity 
and  localization  through  protein  acetylation. 


The  transforming  growth  factor  j3  (TGF/3)2  signaling  path¬ 
way  plays  complex  roles  in  the  regulation  of  many  diverse  bio¬ 
logical  processes  including  cell  cycle  arrest,  differentiation, 
apoptosis,  and  epithelial  to  mesenchymal  transition.  TGF/3  sig¬ 
naling  is  initiated  when  ligands  of  the  TGF/3  signaling  super¬ 
family  such  as  activin  and  TGF/3  bind  to  and  activate  the  TGF/3 
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histone  deacetylase;  TSA,  trichostatin  A;  FBS,  fetal  bovine  serum;  HA, 
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serine/threonine  kinase  receptor  complex  (1,  2).  The  activated 
receptor  complex  then  phosphorylates  receptor-activated 
Smads,  such  as  Smad2  and  Smad3,  on  the  SSAS  motif  in  the  C 
termini,  enabling  nuclear  translocation  and  oligomerization 
with  the  common  mediator  Smad4  (3,  4).  In  the  nucleus,  this 
Smad  heteromeric  complex  binds  to  target  promoter 
sequences  and  recruits  transcriptional  coactivators  to  regulate 
transcription  of  TGF/3  target  genes  (1,  5). 

Smad2  and  Smad3  mediate  both  activin  and  TGF/3  signaling 
and  share  92%  sequence  identity.  However,  there  are  several 
salient  differences  between  the  two.  First  of  all,  Smad2  contains 
two  extra  peptide  inserts,  named  the  GAG  and  TID  regions, 
respectively,  that  are  not  present  in  Smad3  (6).  The  TID  domain 
(also  known  as  exon3)  in  Smad2  prevents  the  direct  binding  of 
Smad2  to  DNA,  whereas  Smad3  can  bind  DNA  directly  (7). 
Secondly,  mice  lacking  Smad2  or  Smad3  display  very  different 
phenotypes.  Smad2  knock-out  mice  are  embryonic  lethal  at 
embryonic  day  10.5  (E10.5)  with  vascular  and  cranial  abnormal¬ 
ities  and  impaired  left-right  patterning  (8-10).  Smad3-null 
mice,  however,  are  viable  but  suffer  from  impaired  immune 
function  and  chronic  inflammation  (11,  12).  Finally,  the  stabil¬ 
ity  and  intracellular  localization  of  Smad3  and  Smad2  are  also 
regulated  by  different  mechanisms  (13).  Thus,  many  functional 
and  regulatory  differences  exist  between  these  two  proteins. 

Both  Smad2  and  Smad3  bind  to  and  recruit  the  coactivator 
p300/CBP  to  enhance  transcriptional  activity  of  the  activated 
Smad  complex.  p300  was  first  identified  as  an  ElA-associated 
protein  and  displays  high  levels  of  sequence  and  functional 
homology  with  the  CREB-binding  protein,  CBP  (14).  Initially 
identified  as  a  scaffolding  protein  to  bridge  two  proteins 
together,  p300  also  functions  to  transfer  the  acetyl  group  from 
acetyl  coenzyme  A  to  the  lysine  residues  in  histones  allowing 
remodeling  of  chromatin  to  a  more  open  relaxed  conformation 
for  transcription  (15-17).  Acetylation  of  histones  can  be 
reversed  by  the  activity  of  histone  deacetylases  (HDAC),  which 
returns  the  active  chromatin  back  to  its  closed,  inactive  form  by 
removal  of  acetyl  groups  (18). 

In  the  past  decade,  many  non-histone  proteins,  such  as  p53, 
/3-catenin,  importin-a,  E1A,  and  Smad7  (19-21),  have  been 
shown  to  be  acetylated  by  p300  and  other  acetyltransferase  pro¬ 
teins  such  as  P/CAF  and  GCN.  Acetylation  of  non-histone  pro¬ 
teins  can  result  in  alterations  of  biochemical  and  functional 
activities  of  the  substrate  proteins.  For  example,  acetylation 
appears  to  inhibit  the  interaction  of  E1A  with  importin-a, 
decreasing  its  nuclear  import  (22).  Acetylation  can  alter  the 
intracellular  localization  of  proteins  such  as  c-Abl  and  can  also 
compete  with  other  modifications  such  as  ubiquitination  and 
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sumoylation  in  proteins  like  p53  and  Smad7  (21,  23,  24).  Acety¬ 
lation  of  Smad7,  an  inhibitory  Smad,  increases  its  stability  by 
modifying  the  lysine  residues  required  for  ubiquitin  attach¬ 
ment,  preventing  ubiquitination  and  proteasomal  degradation 
(25).  Finally,  acetylation  may  alter  the  intracellular  localization, 
DNA  binding,  and  other  post-translational  modifications  of 
proteins  (26). 

The  MH2  domains  of  Smadl,  Smad2,  Smad3,  and  Smad4 
interact  directly  with  the  C-terminal  domain  of  p300/CBP, 
resulting  in  increases  in  the  transcriptional  activity  of  the  Smad 
complex  (27-31).  Disruption  of  this  interaction  through  over¬ 
expression  of  adenovirus  El  A  significantly  decreases  transcrip¬ 
tion  by  the  Smad  complex  (32).  Smad3  has  also  been  shown  to 
interact  with  HDAC1  directly  through  its  MH1  domain  and 
recruit  it  to  the  promoter  DNA  to  inhibit  transcription  (33). 
Based  on  these  observations,  it  has  been  proposed  that  the 
Smad  proteins  activate  transcription  by  recruiting  the  p300/ 
CBP  histone  acetyltransferase  to  the  chromatin  to  remodel  it 
into  the  active,  open  confirmation  (34).  However,  whether  this 
is  the  only  mechanism  by  which  p300/CBP  enhances  Smad 
transcription  is  not  clear.  Indeed,  Inoue  et  al.  (35)  recently 
reported  acetylation  of  Smad3  on  lysine  378  by  p300/CBP  in 
cells  treated  with  trichostatin  A  (TSA).  While  this  manuscripts 
was  being  prepared,  a  new  study  by  Simonsson  et  al.  (36)  also 
reported  identification  of  an  acetylation  site  in  Smad2  that 
appears  to  be  important  for  the  DNA  binding  activity  of  the 
alternatively  spliced  form  of  Smad2  but  has  no  effect  on  the 
signaling  activity  of  WT  Smad2.  In  this  study,  we  carried  out  a 
detailed  analysis  of  acetylation  of  Smad  proteins  by  p300.  We 
show  that  Smad2,  but  not  Smad3,  can  be  acetylated  in  a  p300- 
dependent  manner  and  that  this  modification  requires  lysines 
19,  20,  and  39  in  Smad2.  We  further  show  that  this  acetylation 
event  plays  a  role  in  promoting  the  nuclear  accumulation  of 
Smad2  upon  TGFJ3  stimulation,  leading  to  the  increase  in 
downstream  TGFj3  responses.  Our  work  thus  has  uncovered  a 
novel  mechanism  by  which  p300/CBP  enhances  T GF/1  signal¬ 
ing  through  direct  modification  of  Smad2. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture  and  Reagents — 293T  and  NIH3T3  cells  were 
maintained  in  Dulbecco’s  modified  Eagle’s  medium  containing 
10%  FBS.  Hep3B  human  heptoma  cells  (American  Type  Cul¬ 
ture  Collection)  were  maintained  in  minimum  Eagle’s  medium 
supplemented  with  10%  FBS.  Smad2-deficient  mouse  embry¬ 
onic  fibroblasts  obtained  from  Dr.  Anita  Roberts  were  cultured 
in  Dulbecco’s  modified  Eagle’s  medium  containing  10%  FBS, 
sodium  pyruvate  (1  ium),  and  glutamate  (2  mM). 

Monoclonal  antibodies  specific  for  acetylated  lysine  were 
purchased  from  Cell  Signaling  Technologies.  Smad2  antibodies 
were  from  BD  Transduction  Laboratories  and  Smad3  (FL-425) 
and  TGF/3  receptor  (TGFJ3RI;  V22)  antibodies  from  Santa  Cruz 
Biotechnology.  Anti-FLAG,  anti-hemagglutinin  (HA)  antibod¬ 
ies  and  TSA  were  purchased  from  Sigma.  Anti-phospho-Smad2 
antisera  were  a  generous  gift  from  Aristidis  Moustakas  (Ludwig 
Institute  for  Cancer  Research,  Uppsala,  Sweden).  SB-431542 
was  purchased  from  Tocris. 

Transfection  and  Stable  Cell  Lines — Transient  transfections 
were  performed  using  Lipofectamine  Plus  reagents  (Invitro- 


gen)  according  to  manufacturer’s  protocol.  To  generate  stable 
cell  lines,  Smad2-null  mouse  embryo  fibroblast  (MEF)  cells 
were  co-transfected  with  wild  type  or  mutant  FLAG-Smad2 
and  pBABEpuro,  which  contains  a  puromycin  resistance  gene. 
After  48  h,  transfected  cells  were  selected  by  growing  in 
medium  containing  2  qg/ml  puromycin. 

Immunoprecipitation  and  Immunoblotting — Cells  were 
lysed  in  high  salt  lysis  buffer  (50  mM  Hepes,  pH  7.8,  500  mM 
NaCl,  5  mM  EDTA,  1%  Nonidet  P-40,  3  mM  DTT,  and  0.5  mM 
PMSF).  FLAG-Smad2  was  isolated  by  immunoprecipitation 
with  anti-FLAG  followed  by  elution  with  FLAG  peptide  as 
described  previously  (37,  38).  Western  blotting  was  carried  out 
as  described  previously  (39). 

In  Vitro  Acetylation  Assay — Purified  GST-Smad  fusion  pro¬ 
teins  were  incubated  at  30  °C  for  30  min  in  acetylation  assay 
buffer  (50  mM  Tris,  pH  7.8,  1  mM  DTT,  10%  glycerol,  1  mM 
PMSF,  10  mM  sodium  butyrate,  1  mM  EDTA,  and  0.05  /xCi  of 
14C-acetyl  coenzyme  A  (PerlcinElmer  Life  Sciences)  in  the  pres¬ 
ence  of  GST-tagged  histone  acetylation  domain  of  p300  (GST- 
p300-HAT).  Samples  were  resolved  on  a  SDS-polyacrylamide 
gel  and  visualized  by  autoradiography  using  a  phosphorimaging 
system. 

Mass  Spectrometry — FLAG-tagged  Smad2,  isolated  from 
293T  cells  co-transfected  with  full-length  p300  by  immunopre¬ 
cipitation  with  anti-FLAG,  were  eluted  with  FLAG  peptide  and 
resolved  on  a  10%  SDS-polyacrylamide  gel.  The  Smad2  band 
was  then  excised  from  the  gel,  digested  with  chymotrypsin,  and 
run  through  a  Thermo  Finnigan  LCQ  DECA  XP  Plus  ion  trap 
mass  spectrometer  interfaced  with  a  Shimadzu  Binary  HPLC  to 
carry  out  liquid  chromatography-tandem  mass  spectrometry 
(LC-MS/MS)  analysis. 

Luciferase  Assay — MEF  cells  were  transiently  transfected 
with  the  promoter  reporter  constructs  and  FLAG-tagged  wild 
type  or  mutant  Smad2.  At  24  h  after  transfection,  cells  were 
serum-starved  and  treated  with  50  pM  TGF|3  for  16  h.  Luciferin 
levels  were  measured  as  described  previously  (38). 

Growth  Inhibition  Assay — 1  X  104  MEF  cells  were  seeded  in 
6-well  plates  and  stimulated  with  different  concentrations  of 
TGF/31  for  4  days.  Cells  were  counted  and  compared  with  the 
number  of  unstimulated  cells  to  determine  relative  cell  growth. 

Pulse-Chase  Assay — 293T  cells  were  co-transfected  with  full- 
length  p300  and  FLAG-tagged  wild  type  or  mutant  Smad2.  At 
24  h  after  transfection,  cells  were  pulsed  with  0.5  pCi/ml 
[35S] methionine  (PerlcinElmer  Life  Sciences)  in  pulse  media 
(cysteine/methionine-free  Dulbecco’s  modified  Eagle’s 
medium  plus  10%  dialyzed  FBS)  for  30  min.  Cells  were  then 
washed  with  regular  media  and  chased  for  different  periods  of 
time.  3SS-Labeled  Smad2  was  then  isolated  by  immunoprecipi¬ 
tation,  resolved  on  a  10%  SDS-polyacrylamide  gel,  and  detected 
by  autoradiography. 

Electrophoretic  Mobility  Shift  Assay  (EMSA) — DNA  frag¬ 
ments  containing  the  Smad-binding  element  as  described  pre¬ 
viously  (40)  were  end-labeled  with  32P,  gel-purified,  and  incu¬ 
bated  with  affinity-purified  Smad2-Smad4  complex  to  test  for 
DNA  binding  ability.  The  protein-DNA  complexes  were 
resolved  on  a  5%  nondenaturing  gel.  For  antibody  supershift 
assays,  the  Smad2-Smad4  complexes  were  preincubated  with  4 
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FIGURE  1 .  Smad2  is  acetylated  by  p300.  A,  FLAG-tagged  Smads  ( F-Smad )  were 
transiently  transfected  into293T  cells  in  the  absence  and  presence  of  full-length 
p300  and  isolated  by  immunoprecipitation  as  described  under  "Experimental 
Procedures."  Acetylation  of  these  Smad  proteins  was  detected  by  Western  blot¬ 
ting  (WB)  with  an  acetyl  lysine-specific  antibody.  The  membrane  was  stripped 
and  reprobed  using  an  anti-FLAG  antibody.  B,  in  vitro  acetylation  assay.  Bacteri- 
ally  expressed  GST-p53  and  GST-Smad  proteins  were  incubated  with  the  acetyl- 
transferase  domain  of  p300  and  ,4C-labeled  acetyl-CoA.  The  14C-labeled  proteins 
were  resolved  on  an  SDS-polyacrylamide  gel,  dried,  and  detected  by  phospho¬ 
rimaging.  C,  Flep3B  cells  were  serum-starved  and  treated  with  2.5  /am  TSA  for  8  h. 
Cells  were  then  stimulated  with  1 00  pM  TGF/3and  harvested.  Endogenous  Smad2 
was  isolated  by  immunoprecipitation  with  anti-Smad2  followed  by  Western  blot¬ 
ting  with  the  indicated  antibodies.  D,  Flep3B  cells  were  transiently  transfected 
with  FLAG-Smad2  ( F-Smad2 )  in  the  absence  and  presence  of  full-length  p300. 
24  h  after  transfection,  cells  were  treated  with  1  jam  TSA  for  12  h.  Smad2  was 
isolated  by  immunoprecipitation  with  anti-FLAG  followed  by  Western  blotting 
with  the  indicated  antibodies.  E,  Flep3B  cells  were  transiently  transfected  with 
FLAG-Smad2  and  treated  with  1  jam  TSA  for  1 2  h.  Cells  were  stimulated  with  1 00 


jug  of  the  specified  antibody  for  1  h  at  4  °C  before  EMSA  was 
performed. 

Immunofluorescence — Cells  were  seeded  on  sterile  glass 
slides  and  treated  with  100  ng/ml  TSA  for  8  h  before  staining. 
Cells  were  fixed  with  4%  paraformaldehyde,  permeablized  with 
0.1%  Triton  X-100,  blocked  with  blocking  buffer  (10%  newborn 
calf  serum,  1%  bovine  serum  albumin,  and  0.02%  Triton  X-100 
in  phosphate-buffered  saline),  and  stained  with  anti-FLAG  as 
described  previously  (41).  Proteins  were  visualized  on  an  Axio- 
phot  epifluorescence  microscope  or  a  confocal  LSM  510  micro¬ 
scope  (Zeiss). 

To  study  protein  shuttling,  cells  were  treated  for  30  min  with 
100  p-g/ml  cycloheximide  before  stimulation  with  100  pM 
TGF/3.  Cells  were  then  treated  with  10  /am  SB-431542  prior  to 
immunostaining. 

Cell  Fractionation  Assay — Cells  were  fractionated  as 
described  previously  (42).  Briefly,  cells  were  lysed  using  Buffer 
A  (10  mM  Hepes,  pH  7.9, 1.5  mM  MgCl2, 10  mM  I<C1, 1  mM  DTT, 
0.5  mM  PMSF)  to  isolate  the  cytoplasmic  fraction.  The  remain¬ 
ing  lysate  was  then  resuspended  in  Buffer  C  (20  mM  Hepes,  pH 
7.9,  25%  glycerol,  420  mM  NaCl,  1.5  mM  MgCl2,  0.2  mM  EDTA, 
1  mM  DTT,  0.5  mM  PMSF)  to  extract  the  nuclear  contents. 

RESULTS 

Smad2  Is  Acetylated  in  the  Presence  of  p300 — To  determine 
whether  Smad  proteins  could  be  acetylated,  a  panel  of  FLAG- 
tagged  Smad  proteins  were  transiently  transfected  into  293T 
cells  together  with  full-length  p300  (Fig.  L4).  Smad7  had  been 
shown  previously  to  be  acetylated  in  the  presence  of  p300  (21) 
and  therefore  was  included  as  a  positive  control.  Smad  proteins 
were  isolated  by  immunoprecipitation  with  anti-FLAG  beads, 
and  their  acetylation  status  was  evaluated  by  Western  blotting 
with  anti-acetyl  lysine-specific  antiserum.  Under  this  condi¬ 
tion,  in  addition  to  Smad7,  only  Smad2  was  acetylated  when 
coexpressed  with  p300.  Interestingly,  the  highly  homologous 
Smad3  was  not  significantly  acetylated.  The  observed  differ¬ 
ence  in  acetylation  between  Smad2  and  Smad3  is  particularly 
interesting  because  of  the  high  sequence  identity  between  the 
two. 

To  determine  whether  p300  could  directly  acetylate  Smad2, 
an  in  vitro  acetylation  assay  was  performed  using  bacterially 
expressed  Smad2,  Smad3,  and  Smad4  and  the  purified  acetyl- 
transferase  domain  of  p300  (Fig.  IB)  or  CBP  (data  not  shown). 
Again,  strong  acetylation  of  Smad2  was  observed  in  the  pres¬ 
ence  of  p300  or  CBP,  suggesting  that  p300/CBP  can  directly 
acetylate  Smad2.  In  the  same  reaction,  Smad3  and  Smad4  also 
appeared  to  be  labeled,  but  these  signals  were  much  weaker  if 
significant  at  all  when  compared  with  that  of  Smad2.  Thus,  we 
decided  to  focus  on  the  acetylation  of  Smad2  for  the  rest  of  the 
study. 

Endogenous  Smad2  Is  Also  Acetylated — To  demonstrate  that 
endogenous  Smad2  is  also  acetylated  and  that  this  acetylation 
event  is  subjected  to  regulation  by  TGF/8,  endogenous  Smad2 


pM  TGF/3,  cytoplasmic  and  nuclear  fractions  were  isolated,  and  lysates  were 
probed  for  tubulin  and  FIDAC1  as  a  control.  Smad2  was  isolated  by  immuno¬ 
precipitation  with  anti-FLAG  followed  by  Western  blotting  with  an  anti-acetyl 
lysine  antibody. 
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FIGURE  2.  GAG  domain  is  necessary  and  sufficient  for  Smad2  acetylation. 

A,  Smad2  mutations.  B-D,  FLAG-tagged  Smad2  constructs  were  transiently 
transfected  into  293T  cells  in  the  absence  and  presence  of  full-length  p300 
and  isolated  by  immunoprecipitation  with  anti-FLAG.  Acetylation  of  Smad2 
was  analyzed  by  Western  blotting  (WB). 


was  isolated  from  Hep3B  cells  treated  with  or  without  TGF/3  by 
immunoprecipitation  with  anti-Smad2  and  subjected  to  West¬ 
ern  blotting  with  anti-acetyl  lysine-specific  antibody.  In  the 
absence  of  TGF/3,  Smad2  is  acetylated  but  at  a  very  low  level. 
Treatment  with  TGF/3  induced  increased  acetylation  of  Smad2 
(Fig.  1C).  This  was  expected  because  p300  is  localized  only  in 
the  nucleus,  and  its  interaction  with  Smad2  increases  upon 
nuclear  accumulation  of  Smad2  as  a  result  of  TGF/3  stimula¬ 
tion.  This  acetylation  of  Smad2  was  further  enhanced  by 
treatment  with  TSA,  an  inhibitor  of  FIDACs,  suggesting  that 
Smad2  acetylation  is  reversible  and  can  be  regulated  by 
FIDACs  (Fig.  ID). 

To  further  confirm  that  acetylation  of  Smad2  indeed  occurs 
in  the  nucleus,  cytoplasmic  and  nuclear  fractions  were  pre¬ 
pared  from  Hep3B  cells,  and  acetylation  of  Smad2  was  deter¬ 
mined  as  described  above.  A  low  level  of  acetylated  Smad2 
could  be  detected  in  the  nuclear  fraction  in  the  absence  of 
TGF/3  stimulation,  but  this  acetylation  was  significantly 
enhanced  in  the  presence  of  TGF/3  (Fig.  ID).  In  contrast,  no 
acetylated  Smad2  was  detected  in  the  cytoplasmic  fractions 
either  in  the  presence  of  absence  of  TGF/3.  Thus,  acetylation  of 
Smad2  occurs  primarily  in  the  nucleus. 

The  GAG  Region  of  Smad2  Is  Required  for  Acetylation — To 
identify  the  sites  of  acetylation  in  Smad2,  we  co-transfected 
Smad2/Smad3  chimeras  swapping  the  MF11  or  MF12 
domains  of  Smad2  together  with  p300  into  293T  cells  and 
evaluated  the  acetylation  of  these  mutants  by  Western  blot¬ 
ting  (Fig.  2,  A  andB).  The  N-terminalMHl  domain  appeared 
to  be  necessary  and  sufficient  for  Smad2  acetylation  (Fig. 
2 B).  Within  the  Midi  domain,  the  major  difference  between 
Smad2  and  Smad3  is  the  presence  of  the  GAG  and  TID 
domains  in  Smad2  but  not  in  Smad3.  Deletion  of  the  GAG 
domain  from  Smad2  significantly  impaired  Smad2  acetyla¬ 
tion,  whereas  removal  of  the  TID  domain  had  no  effect  (Fig. 
2 C),  suggesting  that  acetylation  of  Smad2  requires  the  GAG 
region.  Consistent  with  this,  when  the  GAG  region  was 


inserted  into  Smad3,  acetylation  of  Smad3  was  observed  at 
levels  comparable  with  that  of  wild  type  Smad2  (Fig.  2D). 
Thus,  the  GAG  domain  of  Smad2  is  both  necessary  and  suf¬ 
ficient  for  Smad2  acetylation. 

Identifying  Smad2  Acetylation  Sites — There  are  many 
lysine  residues  in  the  MFI1  domain  of  Smad2,  most  of  which 
are  conserved  in  Smad3  with  the  exception  of  Lys144,  which 
is  uniquely  present  in  Smad2.  However,  mutation  of  this 
lysine  did  not  affect  the  acetylation  of  Smad2  (data  not 
shown),  indicating  that  Lys144  is  not  the  site  of  acetylation.  It 
is  likely,  therefore,  that  the  GAG  region  of  Smad2  confers  a 
difference  in  conformation  between  Smad2  and  Smad3  that 
causes  the  surrounding  lysines  in  Smad2  to  be  more  accessi¬ 
ble  to  acetylation  by  p300. 

Two  complementary  approaches  were  taken  to  identify  the 
sites  of  acetylation  in  Smad2.  In  the  first  approach,  we 
employed  mass  spectrometry  to  detect  lysine  residues  with 
AMinked  acetylation  modifications  in  FLAG-Smad2  isolated 
from  293T  cells  co-overexpressing  p300.  Mass  spectrometry 
identified  three  lysine  residues,  lysines  19,  20,  and  39,  as  possi¬ 
ble  acetylated  residues  (Fig.  3 B).  In  the  second  approach,  point 
mutations  changing  combinations  of  lysines  to  arginines  (Fig. 
3A)  in  the  area  proximal  to  the  GAG  region  were  generated  and 
examined  for  acetylation.  Mutation  of  lysines  19  and  20,  either 
by  themselves  or  in  combination  with  other  lysine  residues  (for 
example  3K13R;  see  Fig.  3 A  for  diagram  of  Smad2  Lys-Arg 
point  mutants),  resulted  in  a  significant  loss  of  Smad2  acetyla¬ 
tion,  whereas  mutations  of  all  other  lysine  residues  in  this  area 
did  not  affect  acetylation  (Fig.  3 Q.  This  suggests  that  Lys19  and 
Lys20  are  required  for  Smad2  acetylation.  However,  they  are  not 
the  only  sites  of  acetylation,  because  the  2K19R  mutant  was  still 
acetylated  effectively  in  an  in  vitro  acetylation  assay  (Fig.  3D). 
This  is  consistent  with  the  result  obtained  from  the  mass  spec¬ 
trometry  analysis  showing  that  Lys39  is  also  an  acetylation  site. 
Although  mutation  of  Lys39  alone  did  not  significantly  affect 
Smad2  acetylation  and  only  partially  inhibited  its  transcrip¬ 
tional  activity  (see  Fig.  5),  mutation  of  Lys19,  Lys20,  and  Lys39 
abolished  acetylation  and  Smad2  signaling  (Figs.  3C  and  5). 
Taken  together,  our  study  suggests  that  Smad2  can  be  acety¬ 
lated  on  three  lysine  residues,  Lys19,  Lys20,  and  Lys39. 

Smad2  Phosphorylation  and  Acetylation  Occur  Independ¬ 
ently  of  Each  Other — Stimulation  of  TGF/3  results  in  the 
phosphorylation  of  Smad2  in  the  C-terminal  serine  residues, 
leading  to  its  oligomerization  with  Smad4  and  nuclear  trans¬ 
location.  To  elucidate  whether  the  C-terminal  phosphoryla¬ 
tion  of  Smad2  is  necessary  for  acetylation,  a  Smad2  3S-3A 
mutant  lacking  the  C-terminal  phosphorylation  sites  was 
transfected  into  293T  cells  along  with  full-length  p300  (Fig. 
4 A).  Although  endogenous  Smad2  needs  to  be  phosphoryla- 
ted  to  accumulate  in  the  nucleus,  immunofluorescence 
staining  confirmed  that  overexpressed  Smad2  3S-3A  can 
bypass  this  requirement  and  accumulate  in  the  nucleus  even 
without  TGF/3  stimulation  (Fig.  4 B).  When  thus  overex¬ 
pressed,  the  Smad2  3S-3A  mutant  was  acetylated  to  a  similar 
level  as  the  wild  type  protein,  indicating  that  Smad2  in  the 
nucleus  does  not  need  to  be  phosphorylated  for  acetylation 
to  occur. 
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FIGURE  3.  Lysines  19,  20,  and  39  are  acetylated  residues.  A,  Smad2  point  mutations.  B,  mass  spectrometry  analysis.  Acetylated  F-Smad2  was  separated  on 
10%  SDS-PAGE,  and  the  Smad2  band  digested  in-gel  with  chymotrypsin  for  mass  spectrometry  analysis.  Data  containing  N-terminal  b  ions  (black),  C-terminal 
y  ions  (gray),  and  unmatched  ions  (light  gray)  were  analyzed  using  the  programs  Mascot  and  Scaffold.  Peaks  signifying  lysines  with  increased  mass  were  tagged 
( insets )  and  labeled  based  on  the  peptide  placement  in  the  fragment.  C,  FLAG-tagged  Smad2  point  mutants  were  transiently  transfected  into  293T  cell  in  the 
absence  and  presence  of  full-length  p300  and  isolated  by  immunoprecipitation  with  anti-FLAG.  Acetylation  of  Smad2  was  analyzed  by  Western  blotting  (WB). 
D,  in  vitro  acetylation  assay.  Bacterially  expressed  GST-Smad2  proteins  were  incubated  with  the  acetyltransferase  domain  of  p300  and  14C-labeled  acetyl-CoA 
as  described  under  "Experimental  Procedures." 


Similarly,  acetylation  of  Smad2  did  not  alter  the  phosphoryl¬ 
ation  state  of  the  protein.  Wild  type  and  3K19R  mutant  Smad2 
were  phosphorylated  to  similar  levels  when  co-transfected  with 
p300  into  293T  cells  (Fig.  4 Q.  Thus,  although  phosphorylation 
of  Smad2  is  necessary  to  for  its  nuclear  translocation,  once  in 
the  nucleus  acetylation  of  Smad2  can  occur  independently  of  its 
phosphorylation  status. 

Acetylation  of  Smad2  Is  Required  for  Activin  and  TGFfS 
Signaling — To  determine  the  effects  of  Smad2  acetylation  on 
TGF/3  signaling,  we  first  measured  TGFj3-  and  activin-depend- 
ent  transcription  using  luciferase  reporter  constructs  specific 


for  activin  (ARE-lux)  or  TGFj3  (p3TP-lux)  signaling.  Western 
blotting  was  performed  to  ensure  equal  levels  of  Smad2  and 
3K19R  expression  in  the  transfected  cells  (data  not  shown). 
MEFs  isolated  from  the  Smad2-null  mice  (43)  were  used  to 
avoid  any  potential  interference  by  endogenous  Smad2. 

Unlike  WT  MEF,  which  displayed  strong  activation  of  ARE- 
lux  upon  activation  of  activin  signaling,  Smad2-null  MEF  no 
longer  supported  transcription  from  ARE-lux  (Fig.  5 A).  Trans¬ 
fection  of  wild  type  Smad2  restored  the  transcription  activation 
to  the  Smad2-deficient  MEF.  In  contrast,  introduction  of  the 
3K19R  mutant  did  not  rescue  activin-induced  transcriptional 
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FIGURE  4.  Phosphorylation  and  acetylation  of  Smad2  are  independent  of 
each  other.  A  FLAG-tagged  wild  type  and  3S-3A  mutant  Smad2  were  tran¬ 
siently  transfected  into  293T  cells  in  the  presence  and  absence  of  full-length 
p300.  Acetylation  of  Smad2  was  analyzed  by  Western  blotting  [WB).  B,  FLAG- 
tagged  Smad  constructs  were  transiently  transfected  into  Flep3B  cells.  Wild 
type  F-Smad2  ( F-Smad2 )  and  F-Smad2  3S-3A  were  localized  through  immu- 
nostaining  with  anti-FLAG  and  visualized  using  confocal  microscopy.  C,  wild 
type  and  2K19R  mutant  Smad2  were  transfected  into  292T  cell  in  the  pres¬ 
ence  and  absence  of  full-length  p300  and  constitutively  active  TGF/3  type  I 
receptor  (Alk5*).  Phosphorylation  of  Smad2  was  assessed  by  Western  blot¬ 
ting  with  anti-phospho-Smad2  antibodies. 


activation.  Similarly,  wild  type  but  not  the  3K19R  mutant  con¬ 
ferred  TGF/8-induced  transactivation  to  Smad2-null  MEF  (Fig. 
5 B).  Thus,  acetylation  of  Smad2  is  required  for  activin-  and 
TGF/3-induced  transcriptional  responses.  Consistent  with  this, 
a  mutant  that  mimics  the  acetylated  state  of  Smad2  (3K19Q) 


ARE-lux 


WT  MEF 


Smad2  KO  MEF 


FIGURE  5.  Acetylation  of  Smad2  is  required  for  activin  and  TGF/3  signal¬ 
ing.  WT  or  mutant  Smad2  was  co-transfected  into  Smad2-null  MEF  together 
with  either  ARE-lux  (A)  or  p3TP-lux  (B).  Cells  were  treated  with  50  pM  TGF/3 
fori  6  h,  and  a  luciferase  assay  was  performed  as  described  under  "Experimen¬ 
tal  Procedures."  C,  WT  or  3K1 9R  Smad2  was  stably  introduced  into  Smad2-null 
MEF.  Cells  were  treated  with  increasing  concentration  of  TGF/3  for  4  days,  and 
cell  growth  was  evaluated  by  cell  counting. 


exhibited  a  moderate  but  reproducible  increase  in  transcription 
(Fig.  5,  A  and  B )  when  expressed  at  a  similar  level  as  WT  Smad2 
(data  not  shown). 

To  discern  the  contribution  of  each  of  the  three  acetylated 
lysine  residues  to  activin-  and  TGF/3-induced  transcription 
responses,  mutations  altering  each  of  the  individual  lysine  res¬ 
idues  (I<19R,  I<20R,  K39R)  or  two  in  combination  (K19R/K20R, 
K19R/K39R,  K20R/K39R)  (Fig.  321)  were  generated  and  tested 
in  the  luciferase  reporter  assay.  All  of  these  mutants  partially 
inhibited  the  transcriptional  activity  of  Smad2,  suggesting  that 
acetylation  of  all  three  lysine  residues  contribute  to  the  activity 
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of  Smad2.  The  Lys19  mutants  demonstrated  the  most  signifi¬ 
cant  decrease  in  transcriptional  activation,  most  likely  because 
this  residue  is  necessary  for  the  cooperative  acetylation  of 
other  lysines.  Thus,  mutating  this  lysine  also  affects  the 
acetylation  potential  of  the  other  identified  acetylated 
lysines  (Fig.  5,  A  and  B). 

We  next  examined  how  Smad2  acetylation  affects  the  growth 
inhibitory  response  of  TGF/3.  Wild  type  or  the  3K19R  mutant 
Smad2  was  transfected  stably  into  the  Smad2-null  MEF.  Cells 
were  treated  with  different  concentrations  of  TGF/3,  and  the 
growth  of  cells  was  assessed  after  4  days  (Fig.  5 C).  WT  MEFs 
expressing  endogenous  Smad2  were  responsive  to  TGF/3, 
exhibiting  ~60%  growth  inhibition,  whereas  Smad2-null  MEF 
showed  very  little  growth  inhibition.  Stable  expression  of  wild 
type  Smad2  suppressed  cell  growth  —50%  whereas  cells 
expressing  the  3K19R  mutant  did  not  exhibit  any  cell  cycle 
arrest.  Taken  together,  these  results  indicate  that  acetylation  of 
Smad2  is  required  for  activin  and  TGF/3  signaling. 

Acetylation  Does  Not  Affect  the  Stability,  Smad4  Oligomer¬ 
ization,  and  DNA  Binding  Ability  ofSmad2 — We  next  turned 
to  the  molecular  mechanism  by  which  acetylation  of  Smad2 
affects  its  signaling  activity.  In  particular,  we  examined  the 
effects  of  Smad2  acetylation  on  its  stability,  the  ability  to  het- 
ero-oligomerize  with  Smad4,  its  presence  in  the  DNA-binding 
complex,  and  intracellular  localization.  In  pulse-chase  experi¬ 
ments  using  transfected  293T  cells,  both  the  wild  type  Smad2 
and  the  3K19R  mutant  have  similar  half-lives  (Fig.  6A),  suggest¬ 
ing  that  Smad2  stability  is  not  affected  by  acetylation. 

Because  Smad2  must  oligomerize  with  Smad4  to  carry  out  its 
transcription  activity,  we  next  examined  whether  acetylation 
affected  its  interaction  with  Smad4  by  a  co-immunoprecipita- 
tion  assay  (Fig.  6 B).  In  293T  cells  transfected  with  FLAG-tagged 
wild  type  or  mutant  Smad2  together  with  Myc-Smad4  and  the 
constitutively  active  TGF/3  receptor  (Alk5*),  wild  type  and 
3K19R  mutant  associated  with  similar  amounts  of  Smad4,  indi¬ 
cating  that  acetylation  does  not  alter  the  oligomerization  of 
Smad2  with  Smad4. 

Similarly,  in  an  EMSA  using  the  Smad2-Smad4  complex 
purified  from  transiently  transfected  293T  cells,  no  difference 
in  DNA  binding  ability  was  detected  between  the  wild  type 
Smad2  and  the  2K19R  mutant,  suggesting  that  acetylation  of 
Smad2  does  not  affect  DNA  binding  (Fig.  6 C). 

Acetylation  ofSmad2  Affects  Intracellular  Localization  after 
TGF(i  Treatment — Acetylation  has  been  shown  to  play  a  role  in 
the  intracellular  localization  of  many  proteins  including  p53, 
HNF-a,  and  importin-a.  To  elucidate  whether  Smad2  acetyla¬ 
tion  also  influences  its  intracellular  localization,  we  performed 
indirect  immunofluorescence  staining  in  FIep3B  cells  trans¬ 
fected  with  wild  type  or  mutant  Smad2  (Fig.  7).  In  the  absence  of 
TGF/3,  both  wild  type  and  mutant  Smad2  were  distributed 
throughout  the  cell  in  both  cytoplasm  and  nucleus,  consistent 
with  reports  that  under  nonstimulated  conditions  Smad2 
quickly  shuttles  in  and  out  of  the  nucleus  (44).  Upon  TGF/3 
treatment,  wild  type  Smad2  rapidly  accumulated  in  the  nucleus 
as  expected.  In  contrast,  the  3K19R  mutant  remained  in  the 
cytoplasm  and  did  not  accumulate  in  the  nucleus.  Similar 
results  were  also  observed  in  NIH3T3  cells  and  Smad2-null 
MEF  cells  (data  not  shown).  Single  lysine  to  arginine  and  double 
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FIGURE  6.  Smad2  acetylation  does  not  affect  Smad2  stability,  oligomer¬ 
ization  with  Smad4,  or  its  presence  on  promoter  DNA.  A,  pulse-chase 
assay.  293T  cells  were  transfected  with  wild  type  or  3K1 9R  Smad2  in  the  pres¬ 
ence  and  absence  of  full-length  p300,  pulse-labeled,  and  chased.  35S-Labeled 
Smad2  were  isolated  and  resolved  by  SDS-PAGE  as  described  under  "Experi¬ 
mental  Procedures."  B,  wild  type  or  3K19R  Smad2  was  co-transfected  into 
293T  cells  together  with  Myc-tagged  Smad4  in  the  absence  and  presence  of 
full-length  p300  and  the  constitutively  active  TGF/3  type  I  receptor  (Rl),  Alk5*. 
Smad2  was  isolated  by  immunoprecipitation  with  anti-FLAG,  and  the  associ¬ 
ated  Smad4  was  detected  by  Western  blotting  (WB)  with  anti-Myc  antibody. 
C,  EMSA.  The  Smad2-Smad4  complex  was  isolated  from  293T  cells  transfected 
with  FLAG-Smad4,  a  constitutively  active  TGF/3  type  I  receptor  (Alk5*),  and 
FIA-tagged  wild  type  or  2K19R  Smad2.  An  EMSA  and  a  supershift  assay  were 
performed  as  described  under  "Experimental  Procedures." 


lysine  to  arginine  mutants  also  exhibited  a  failure  to  fully  accu¬ 
mulate  in  the  nucleus,  whereas  the  3K19Q  mutant,  which  mim¬ 
ics  the  acetylation  state  of  Smad2,  localized  readily  in  the 
nucleus  upon  TGF/3  stimulation  (Fig.  7).  Thus,  acetylation  of 
Smad2  appears  to  be  required  for  its  nuclear  translocation  in 
response  to  TGF/3.  This  decreased  nuclear  accumulation  in 
response  to  TGF/3  most  likely  accounts  for  the  inability  of  the 
mutant  Smad2  to  mediate  TGF/3  and  activin  signaling. 

Acetylation  May  Affect  Nuclear  Export — If  acetylation  of 
Smad2  increases  its  nuclear  accumulation,  one  would  predict 
that  the  acetylation-mimicking  3K19Q  mutant  will  linger  in  the 
nucleus  longer  following  TGF/3  stimulation.  To  test  this,  we 
performed  a  time  course  experiment  examining  the  localiza¬ 
tion  of  WT  Smad2  and  3K19Q  at  various  times  after  TGF/3 
stimulation.  Hep3B  cells  transiently  expressing  WT  or  mutant 
Smad2  were  pretreated  with  cycloheximide  prior  to  TGF/3 
treatment  to  prevent  new  protein  synthesis.  After  1  h  of  TGF/3 
treatment,  the  ALI<5  receptor  inhibitor  SB-431542  was  added 
to  the  cells  to  block  further  activation  of  the  Smad  proteins. 
Localization  of  Smad2  proteins  at  various  time  points  after 
these  treatments  was  determined  by  immunofluorescence 
staining.  By  this  approach  we  were  able  to  follow  the  fate  of 
activated  Smad2. 
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FIGURE  7.  Smad2  acetylation  is  required  for  nuclear  accumulation.  Flep3B 
cells  were  transfected  with  0.1  p,g  of  WT  or  3K19R-Smad2  in  the  absence  and 
presence  of  full-length  p300.  Cells  were  treated  with  TSA  for  1 0  h  and  with  1 00 
pM  TGF/3  for  1  h  prior  to  staining.  Smad2  localization  was  determined  by 
immunostaining  with  anti-FLAG  and  visualized  using  confocal  microscopy. 

Consistent  with  previously  published  results  (45),  WT 
Smad2  accumulated  in  the  nucleus  at  1  h  after  TGF/3  stimula¬ 
tion  but  relocated  back  to  the  cytoplasm  at  2  h  post-stimulation. 
In  contrast,  the  3K19Q  mutant  readily  accumulated  in  the 
nucleus  in  response  to  TGFj3  but  failed  to  be  redistributed  back 
to  the  cytoplasm  even  after  3  h  of  TGF/3  treatment  (Fig.  8).  This 
observation  confirms  that  acetylation  promotes  nuclear  local¬ 
ization  of  Smad2  and  further  suggests  that  it  may  do  so  by 
decreasing  nuclear  export  of  Smad2. 

DISCUSSION 

Reversible  protein  acetylation  has  been  shown  to  affect  a 
diverse  array  of  biochemical  properties  including  protein-pro¬ 
tein  interactions,  DNA  binding,  protein  stability,  and  intracel¬ 
lular  localization.  In  this  study  we  have  demonstrated  that 
Smad2,  but  not  Smad3,  can  be  robustly  acetylated  in  the  pres¬ 
ence  of  p300/CBP  both  in  vitro  and  in  vivo  to  enhance  TGFj3 
and  activin  signaling.  This  acetylation  requires  at  least  three  key 
lysine  residues,  lysines  19,  20,  and  39,  and  appears  to  promote 
Smad2  nuclear  accumulation,  leading  to  enhanced  transcrip¬ 
tion  activity.  We  have  shown  that  acetylation  of  Smad2  appears 
to  affect  the  localization  of  Smad2  upon  TGF/3  signaling  possi¬ 
bly  by  decreasing  the  rate  of  Smad2  nuclear  export  following 
TGF/3  stimulation.  The  3K19R  mutant  that  could  no  longer  be 
acetylated  failed  to  accumulate  in  the  nucleus,  whereas  the 
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FIGURE  8.  Smad2  acetylation  may  decrease  the  rate  of  nuclear  export. 

Flep3B  cells  transiently  expressing  WT  or  mutant  Smad2  in  the  presence  of 
full-length  p300  were  pretreated  with  100  p,g/ml  cycloheximide  for  30  min 
before  treatment  with  1 00  pM  TGF/3.  Cells  were  treated  either  with  or  without 
SB-451542  for  the  indicated  times  prior  to  immunostaining  with  anti-FLAG 
and  visualization  using  confocal  microscopy. 


3K19Q  mutant  that  mimicked  a  constitutively  acetylated  state 
remained  in  the  nucleus  much  longer  than  WT  Smad2  after 
TGF/3  signaling  ends. 

Smad2  has  been  shown  to  continuously  shuttle  in  and  out  of 
the  nucleus  (45),  and  TGF/3-induced  nuclear  accumulation 
occurs  primarily  as  a  result  of  a  decrease  in  the  rate  of  nuclear 
export  (46).  Our  result  that  acetylation  affects  nuclear  export  is 
entirely  consistent  with  these  earlier  observations  and  also  to  be 
expected  because  import  of  Smad2  precedes  acetylation  by 
nuclear  p300.  It  is  not  clear  how  acetylation  directly  influences 
nuclear  export.  There  are  at  least  two  possibilities.  First,  acety¬ 
lation  may  affect  the  dephosphorylation  of  Smad2,  which  is 
necessary  for  relocation  of  Smad2  to  the  cytoplasm  (47).  Alter¬ 
natively,  acetylation  may  directly  impact  the  export  machinery. 
Xu  et  al.  (48)  have  shown  that  Smad2  directly  binds  to  the 
nucleoporins  CAN/Nup214  and  Nupl53  and  that  Nupl53  is 
necessary  for  Smad2  export  in  an  importin/exportin-inde- 
pendent  manner.  Whether  this  mechanism  is  the  only  one 
responsible  for  Smad2  export  in  vivo  is  not  clear.  Much  more 
work  is  clearly  needed  in  the  future  to  determine  the  exact 
mechanism  by  which  acetylation  prevents  nuclear  export. 
Nevertheless,  our  data  suggest  that  in  conjunction  with 
Smad  phosphorylation,  Smad2  acetylation  contributes  to  the 
slowing  of  nuclear  export  following  TGF/3  stimulation  and 
therefore  constitutes  an  important  step  in  the  regulation  of 
TGF/3  and  activin  signaling. 

Smad2  is  not  the  only  protein  in  the  TGF/3  signaling  path¬ 
way  that  can  be  acetylated.  In  addition  to  Smad7,  Inoue  et  al. 
(35)  recently  reported  acetylation  of  Smad2  and  Smad3  by 
p300/CBP  in  cells  treated  with  TSA.  They  found  that  acety¬ 
lation  of  Smad3  occurred  in  the  MH2  domain  on  Lys378,  a 
lysine  conserved  among  all  R-Smads.  Mutation  of  this  lysine 
to  arginine  (K378R)  appeared  to  result  in  a  decrease  in  recep¬ 
tor-mediated  phosphorylation  of  Smad3  and  subsequently  a 
reduction  in  transcriptional  activity.  Flowever,  we  did  not 
observe  very  robust  acetylation  of  Smad3,  especially  com¬ 
pared  with  that  of  Smad2,  nor  did  mass  spectrometry  exper¬ 
iments  identify  Lys378  as  an  acetylated  residue  under  our 
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experimental  conditions.  While  this  manuscripts  was  being 
prepared,  a  new  report  by  Simonsson  et  al.  (36)  also  found 
acetylation  of  Smad3  to  occur  at  a  significantly  lower  level 
than  that  of  Smad2.  In  contrast  to  our  observation  that 
mutant  Smad2  defective  in  acetylation  exhibited  impaired 
signaling  activity,  they  detected  no  reduction  in  transcrip¬ 
tional  activity  of  the  K19R  mutant  Smad2  in  HepG2  cells 
using  the  ARE-lux  reporter  assay.  We  speculate  that  the  rea¬ 
son  that  they  failed  to  observe  a  difference  between  wild  type 
and  mutant  Smad2  in  transcription  may  be  because  of  the 
interference  of  endogenous  Smad2  in  HepG2  cells,  as  we  did 
not  observe  any  difference  in  transcription  activity  between 
wild  type  and  mutant  Smad2  in  Hep3B  cells  either  (Data  not 
shown).  The  endogenous  Smad2  in  these  cells  could  be  func¬ 
tioning  at  saturation  levels,  masking  the  effect  of  the  mutant 
Smad2.  When  we  used  Smad2-null  MEF,  a  clear  difference 
could  be  readily  observed. 

Smad2  exists  in  two  isoforms:  the  full-length  protein  form 
containing  both  the  GAG  and  TID  (exon3)  domains  and  an 
alternatively  spliced  short  form  lacking  exon  3  (Smad2AE3) 
(49).  Unlike  full-length  Smad2,  this  shorter  isoform  is  able  to 
bind  DNA  directly.  Simonsson  et  al.  (36)  showed  that  acety¬ 
lation  on  Lys19  in  the  short  isoform  Smad2(AE3)  is  required 
for  its  DNA  binding  activity.  However,  because  the  full- 
length  Smad2  does  not  bind  to  DNA  directly,  acetylation  is 
unlikely  to  have  the  same  effect  on  full-length  Smad2. 
Indeed,  we  showed  that  the  3K19R  mutant  Smad2  can  still  be 
recruited  to  DNA  through  oligomerization  with  Smad4. 
Instead,  acetylation  of  full-length  Smad2  enhances  Smad2 
activity  by  promoting  its  nuclear  accumulation  through 
decreasing  the  rate  of  nuclear  export.  Because  the  full-length 
Smad2  is  found  in  all  adult  and  embryonic  tissues  but 
Smad2(AE3)  is  present  primarily  in  mouse  cells  during 
development,  acetylation  may  regulate  the  activity  of  these 
Smad2  forms  through  different  mechanisms  in  embryos  and 
adult  tissue. 

Like  phosphorylation,  acetylation  can  occur  on  multiple 
lysine  residues  within  the  same  protein  and  often  can  occur  in 
different  combinations  depending  on  the  specific  conditions  of 
the  cells  and  the  given  acetyltransferase  enzymes,  leading  to 
various  downstream  consequences.  Although  lysines  19,  20, 
and  39  were  found  to  be  required  for  Smad2  acetylation,  they 
may  not  be  the  only  residues  that  are  acetylated.  Additional 
Smad2  acetylation  sites  may  exist  that  may  conceivably  affect 
Smad2  activity.  Identification  of  specific  acetylation  sites  may 
be  difficult,  as  the  specificity  of  acetyltransferase  for  substrate 
lysine  residues  is  not  stringent  so  that,  in  the  absence  of  the 
targeted  lysine,  other  lysine  residues  in  the  proximity  may  serve 
as  substrates.  Despite  this  difficulty,  a  continuing  effort  to  deci¬ 
pher  Smad2  acetylation  sites  under  different  stimuli  and  con¬ 
ditions  will  surely  increase  our  understanding  of  how  the  TGF/3 
signaling  pathway  is  regulated  by  acetylation.  Our  findings  also 
provide  a  possible  new  direction  for  pharmaceutical  interven¬ 
tion  of  TGFJ3  signaling  in  cancer  and  inflammatory  diseases  by 
targeting  Smad2  acetylation.  Treatment  of  cells  with  HD  AC 
inhibitors  may  increase  the  nuclear  accumulation  of  Smad2, 
leading  to  improved  growth-inhibitory  responses  of  cells 
response  to  TGFJ3. 
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